A data base was constructed of the % N and plant d. wts (W) in t ha" 1 of C3 and C4 crops that had been grown with sufficient nitrogen to permit maximum growth rate. The % N of all crops declined sharply with increase in Wbut this decline differed between C3 and C4 crops. When Wwas greater than I t ha" 1 , 86% of the variance in In % N was removed by the model % N = aW' b with b = -05 for all crops, and a = 5-7 % for C3 crops and 4-1 % for C4 crops. The same model gave a good description of data on C3 and C4 crops entirely independent of that used for developing the model. According to this relationship the fractional decline in % N with increase in plant mass was the same for both types of crops, but C4 crops contained about 72% of the nitrogen in C3 crops at equivalent d. wts. As approx. 32% more dry matter was produced per unit of intercepted radiation for C4 and C3 crops, the N uptake (or weight of plant protein produced) per unit of intercepted radiation was approximately the same for both types of crops.
INTRODUCTION
The concentration of organic N in plants must exceed a certain minimum or critical concentration if maximum growth rate is to be obtained. As plants grow they contain increasing proportions of structural and storage materials that contain little nitrogen, so that the concentration of N in the plant declines. The nature of this decline and the way it is affected by genetic and other factors is of world-wide importance in agriculture, forestry and environmental protection.
Numerous models for the decline in critical % N with increase in plant mass have been advanced (e.g. Greenwood and Barnes, 1978; Hard wick, 1987) ; many link %N to rate of photosynthesis and dry matter production (Caloin and Yu, 1984; Agren, 1985; Field and Mooney, 1986; CharlesEdwards et al., 1987; Hirose and Werger, 1987) . The rate of dry matter production of many crops, grown under optimal conditions in West Europe is related to plant mass per unit area (Greenwood et al., 1977) . There is often a remarkable similarity between the growth rates of widely different C3 crops during much of the growing period in West Europe, provided plant weights are similar (Sibma, 1968) .
The %N in the foliage, grown under nonlimiting conditions, was found to be related to plant d. wt in a similar manner for different C3 Reference Lemaire et al. (1985) Unpubl. res. (1979) (1980) Lemaire et al. (1984) Lemaire et al. (1987) Unpubl. res. (1973) Millard and Marshall (1986 ) Unpubl. res. (1974 , 1975 , 1982 ) Unpubl. res. (1985 Siman (1974) Greenwood et al. (1987) herbage species, including tall fescue, cocksfoot and lucerne (Lemaire and Salette, 1984 a, b; Lemaire et al., 1985; Lemaire and Denoix, 1987a, b) . It has also been found that the % N, at the normal dates of harvest, of many different C3 vegetable crops when plotted against plant d. wt fell approximately about the same curve when they were grown with the measured optimum fertilizer level for each different crop (Greenwood, 1982; Greenwood, Neeteson and Draycott, 1985) . The two relationships -the one covering herbage crops and the other vegetables -were remarkably similar even though they were arrived at entirely independently by different methods and in different climatic zones.
We have, therefore, set up a joint data base covering both arable and herbage crops and have sought to study how far the critical % N is related to plant mass per unit area and how far by species. Particular attention was given to comparing C3 and C4 species because of the difference in their photosynthetic pathways. The purpose of this paper is to describe the outcome of this collaborative work.
DATA BASES
The data bases aimed to define the critical % N for different plant d.wts per unit area (HO of a range of species. The % N and the plant weights are for the entire plant excluding fibrous roots, but including (where applicable) storage roots. The % N may include a small quantity of nitrate N; analyses were by a Kjeldahl method which reduced a very small proportion of the nitrate. Data obtained with W less than 1 t ha" 1 were always omitted so as to exclude the initial period of increasing plant % N that occurs after cutting of perennial herbage crops.
The method of preparing the data bases differed, depending on the crop and the availability of the data. Data base A (see Table 1 ) covered the herbage crops. Luxury consumption of organic N in these crops appeared to be minimal even when excess fertilizer was applied. Typically for nonlegumes both %N and W increased and then remained constant as fertilizer level increased (Figs 1 and 2). All measurements of % N and W where growth was not limited by lack of N were incorporated in the data base. It was assumed that the legume lucerne always fixed sufficient nitrogen to meet crop demand, and measurements at all harvest dates of all experiments were put in the data base. Sometimes, towards the end of the growing period, the growth rate of sorghum almost ceased or decreased as a consequence of lodging. As this may have indicated abnormality in N content such data was omitted.
Data base B covered arable and vegetable crops. In general, there were a greater number of fertilizer treatments but fewer harvests on these crops. Luxury consumption of N also frequently oc- curred. For each experiment and each harvest date the highest d. wt obtained, with any level of fertilizer, and the corresponding % N in the dry matter were identified and included in the data base. Where the highest yields were obtained with each of two or more levels of fertilizer, the data obtained with the lower level were selected.
Data base C consisted of data where there was greater uncertainty about whether sufficient N had been applied to meet plant demand than was the case in data bases A and B. A summary of the three data bases is given in Table 1 . 
Models compared (4) M.S. due to additional parameters
% Variance accounted for (213) , a and b are coefficients; parenthesis 3,4 indicates that they have separate values depending on whether the crop is a C3 or C4 species; parenthesis FLPSW indicates that the coefficient has a separate value depending on whether it is tall fescue, lucerne, potato, sorghum or wheat. Subscript i indicates that the coefficient has a separate value for each data set (i.e. experiment or harvest of an experiment). The models in column 1 are of increasing complexity and the improvements in the degree of fit are given in the body of the Table. Attention is drawn to column (4) which identifies the models that are compared. The probability levels for the improvements in fit were calculated using the residual M.S. for model 11. **/ > <O001, */><O05.
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I RESULTS
Examples of data used in data bases
Examples of the experimental results from which data base A was derived are given in Figs 1 and 2. Dry matter yield of fescue first increased rapidly and then slowly with increase in fertilizer N (Fig.  1) . Irrespective of fertilizer N, %N in the dry matter always decreased with increase in W. For  Fig. 1 , the data obtained with 150 kg N ha" 1 were used in data base A because 100 kg N ha" 1 appeared to be insufficient to meet demand. In Fig.  2 , increasing fertilizer N had very little effect on either d.wt or %N in the dry matter; it was considered that all three levels of N supplied sufficient N to permit maximum growth rate and there was no luxury consumption of N. The data from all three levels were incorporated in data base A.
Regression analysis for crops with large data sets
The data for this analysis was taken from data sets A and B, and the estimates of critical % N should therefore be reasonably accurate. Regression analysis was initially confined only to crops with substantial data sets, i.e. tall fescue, lucerne, potato, sorghum and wheat.
The fitted equation was:
where a and b are coefficients that were either set at the same value for all data, or had different values depending on whether the crop was of a C3 or a C4 type, or on the species, or on the experiment. Altogether there were 215 data points, and a summary of the analysis is given in Table 2 . The analysis includes measurements of the improvements in fit brought about by successive increases in the complexity of the models. Attention is drawn to column 4 of Table 2 which identifies the models compared, and to column 5 which gives the MS due to the additional parameters of the more complex over the less complex model. Nearly 72% of the entire variance was removed by eqn (1). This percentage was increased to 860 % by fitting a separate value of a for the C4 crop (sorghum) and for the C3 crops, but retaining a common value of b (model 4, Table 2 ). The MS due to the incorporation of this additional coefficient was 4055. Allowing both a and b to take separate values, depending on whether the species was a C3 or C4, brought about no significant improvement. Addition of extra terms to account for differences in species resulted in the removal of an additional MS of less than 0-43, and for differences in experiments by less than 0-1. Nevertheless, a multi-coefficient model having different coefficients for each experiment removed 95-2 % of the total variance. The values of the coefficients for 'the more important fits are given in the lower part of Table  2 . However, almost equally good fits can be obtained with different combinations of a and b. For instance, for model 8 of Table 2 , the correlation matrix of parameter estimates indicates that for tall fescue the regression coefficient between a(F) and b(F) is -0-80, and for lucerne, potato, sorghum and wheat, -0-90, -0-91, -0-74 and -0-85, respectively. The differences in the values in b obtained by models 6 and 8 could thus be a consequence of a and b being strongly correlated with one another. The problem is of less importance with the simpler models (i.e. 4 and 5). The equation of best fit for the C3 crop was ln%N= l-74-O51nff
( 2) which gives % N = 5697 x ff™,
and for the C4 crops
which gives %N = 4096 x (5) Figures 3 and 4 give the % N for each of the crops plotted against W together with the appropriate curve calculated from eqns (3) or (4). Plant d. wt yields of forage sorghum (the only C4 crop) in the analysis were always less than 10 t ha" 1 , whereas maximum yields of some other crops, such as potatoes and winter wheat, were over 14 t ha"
1 . In case the range of plant weights was influencing the relationships, the analysis was repeated excluding all data points with W> 10 t ha"
1 . There were 192 points. Model 2 of Table  2 removed 595% of the variance and model 4 of  Table 2 83-4 %. The values of the coefficients were a, = 1-70, a t = 1-36 and b = -0-45, which are not significantly different (P < 005) from the values of model 4 ( Table 2 ). The parameter values and the degree of fit were thus little affected by excluding the high dry weights of the C3 crops.
Regression analysis of other data sets
The data consisted of a number of measurements on maize (data base C), French beans (data base B), summer cabbage (data base B), rape (data base Q, setaria (data base C) and sorghum (data base C). There were altogether 40 data points (Table 1) .
All the values of % N on the C4 crops (maize, seteria and sorghum) were plotted on the same graph against the corresponding weights (Fig. 5) . Also plotted on the same figure is the curve calculated from eqn (5). The points fitted very closely about this curve even though eqn (5) was derived from an entirely different set of experimental results. Moreover, regression of the measured values of % N against those calculated from eqn (5) removed 87-1 % of the total variance. Neither the fitted gradient (1013, s.e. 0-089) nor the intercept (0-034, s.e. 0-218) differed significantly from those expected for perfect agreement, namely 1 and zero. The % N of widely different C4 crops was thus related to W by the same relationship.
The corresponding graphs for the C3 crops are given in Fig. 6 . There was considerable random scatter in the experimental results, and in the case of spring rape, there could be systematic deviations resulting from luxury consumption: despite this limitation, however, the experimental results are broadly consistent with eqn (3). A similar regression analysis to that described in Table 2 was carried out on the 40 data points, with the exception that separate values of coefficients were not fitted for each species. The general pattern of results was similar to that in Table 2 . Model 4 (Table 2), removed 83-1 % of the variance, a 3 had a value of 1-68, a t 1-31, and b -0-40.
When all the data from the data bases were combined (i.e. 169 + 51+35 = 255 data points), model 4 of Table 2 removed 85-5 % of the variance, a, 1-73; a. 1-41, and* -049. DISCUSSION Clearly the % N of all crops declined with increase in plant mass, but there also appears to be a clear distinction between C3 and C4 crops.
Comparison between Cl and C4 crops
Plant species that fix CO, via the C4 photosynthetic reduction cycle have higher rates of CO, uptake than those species that fix CO, via the C3 reduction cycle. This difference in the biochemical pathway and the associated difference in leaf anatomy has been used to explain why C4 plants may have a greater N use efficiency (biomass production per unit of N in the plant) than C3 plants (e.g. Brown, 1978 Brown, , 1985 . It has also been suggested that the % N in C4 plants is less than in C3 plants (Brown, 1985; Field and Mooney, 1986) . Nevertheless, the evidence is limited and can be criticised because comparisons were made between plants of different size (which our results indicate has a big effect per se on %N), because of uncertainties in N supply and because of the short term nature of the experiments.
Our results, however, support the view that these criticisms can be discounted and that for a given plant weight, C4 species have lower % N than C3 species.
The equation
with and a = 5-697 for C3 crops a = 4096 for C4 crops removed 86% of the variance in ln%N in 215 'good' measurements by different workers. Moreover, this same relationship also gave a good description of 35 additional data points that were entirely independent of those used for deducing eqn (6). The difference in the value of a for the two types of crop indicate that C4 crops require only 72 % of the N required by C3 crops when they are at the same weight. If U is N uptake in kg ha" 1 [/= 1000Wx(%N/100) then from eqn (6) U= and dW
As the increase in d. wt per unit of intercepted photosynthetically active radiation (R) is generally regarded as being more or less constant during the course of dry matter accumulation (Monteith, 1977) , then
£has been estimated to be 1-9 t J" 1 for different C3 crops and 2-5 t J" 1 for different C4 crops (Gosse et al., 1986) . A value of 2-4 t J~l for grain sorghum (a C4 crop) is reported by Muchow and Coates (1986) . Uptake per unit of incoming radiation (dU/dR) is given by The value of a is the % N in the crop when W = 1 t ha"
1 . At this weight the growth rate gradually changes from being almost exponential to linear. When growth is exponential plant % N remains constant and the critical concentration does not change with increase in plant mass (Agren, 1985) . The value of a = 5-7% is therefore the best estimate of % N needed in the dry matter of young tissue to permit the maximum growth rate of C3 crops. The corresponding value for C4 crops is 41 %. Both are remarkably similar to the corresponding maximum values of % N for leaves of wild C3 and C4 species (Field and Mooney, 1986) . The value of 41 % is, however, rather larger than the highest values 3-5-3-8% found in the leaves, opposite the primary ear shoot, of maize (a C4 crop) (Han way, 1962; Voss, Han way and Dumenil, 1970) .
Values of the coefficients
The values of a and b (Table 2) that have been fitted separately for each crop need to be treated with caution. Firstly, because for each crop a is strongly negatively correlated with b. Secondly, there were comparatively few measurements made on wheat and the fitted value of 'a' was much influenced by a single measurement (when W was 11 tha" 1 ). Nevertheless, it is notable that the values of b for three crops are consistent with those predicted by Hardwick's hypothesis (1987) . This hypothesis links the relationship between plant mass and % N in the plant to the self-thinning rule in plant ecology. It is based on the principle that there is a strong link between the nitrogen in the plant and The data used was as in Table 2 . Both % N and W refer to the dry matter in the whole plant (excluding fibrous roots). W is in t ha" 1 , a and b are coefficients, 3 and 4 in parentheses indicates that the coefficient has a different value for a C3 or C4 crop. F refers to tall fescue, L to lucerne, P to potato, S to sorghum, W to wheat. Letters in parentheses indicates that the coefficient has a separate value for each crop. The value of b for those crops not referred to in parentheses was set at 0-34. its metabolic activities. In the early stages of growth when plants are small, these are considered to be distributed throughout the plant, but as the plants grow, the metabolic activities (and thus N) occur increasingly on the surfaces of the plant organs. The amount of N in the plant is thus initially proportional to plant mass W and then gradually changes to being proportional to Wwhere a = 0-66. Since <z= \+b, in eqn (1), b should fall from 0 to -0-34. It seemed possible, however, that this concept would not be valid if substantial quantities of nitrogen were present in storage organs.
We tested these ideas by inspection of the fitted values of the coefficients and also by finding whether as good a fit to the data could be obtained with b = -0-34, as with the best fitting value (Table 3 ). The data for tall fescue, wheat and lucerne were consistent with Hardwick's hypothesis; the fitted values ranged from -0-33 to -0-39 (model 8, Table 2 ) and were not significantly different from -0-34. Similarly, almost equally good fits to the data were obtained with b = -0-34 as with the best fitting value of b, [residual mean square of model 18, Table 3 = residual mean square of model 8, Table 2 (0014)]. It is notable that plant populations in all these crops were high so that self-thinning may well have occurred. Indeed for lucerne, the number of stems has been found to decline sharply during growth (Gosse et al., 1986) and for grasses, tillering ceases and the number of tillers starts to decrease when the leaf area index exceeds 3 (Simon and Lemaire, 1987) .
The value of b for potatoes on the other hand, was considerably less than -0-34, the minimum permitted by Hardwick's hypothesis (models 6 and 8 of Table 2 ). However, a substantial improvement in fit was obtained by allowing b to take a value different from -0-34, as is indicated by comparing the residual SS for model 15 with that for model 16 in Table 3 . A possible explanation is the fundamental change in plant N that occurs during the growing period. As the crop grows, the foliage N decreases and tuber N increases as a proportion of the total N in the crop (Greenwood et al., 1985) . An increasing proportion of the N is thus in storage tissues, and cannot be regarded as being on the surfaces of the plant tissues and is therefore not distributed in a way that is consistent with Hardwick's hypothesis.
Over the range of measured values of W for sorghum, the curve of % N vs. W, corresponding to eqn (1) with a = 1-42 and b = -0-5, was very similar to that defined by a = 1-24 and b = -0-34 (the minimum permitted by Hardwick's hypothesis -model 15, Table 3 ). Nevertheless, the analysis given in Table 3 models 15 and 17 shows that a significant improvement in fit was obtained by replacing b = -0-34 with the best fitting value which was lower ( Table 2) . Some evidence for the reason for this decline was provided by the results of an experiment in which measurements were made on sorghum until after grain fill (Fig. 7) . It is notable that In % N fell more sharply with an increase in In W after flowering than before. It suggests that the low value of -b is, as with potatoes, connected with a change in the distribution of N between vegetative and storage tissues.
An alternative explanation of the decline in % N with increasing size is based on the finding that leaf % N declines as the photon flux density decreases down the leaf canopy (e.g. CharlesEdwards et al., 1987) . Modelling studies indicate many crops can be described by the following equation: that plants adjust the leaf N distribution so as to maximize the rates of photosynthesis, but the benefits of an optimally redistributed N within the canopy compared with a uniformly distributed distribution of leaf N appear to be small (Field, 1983; Hirose and Werger, 1987) . Although these findings could provide a qualitative explanation for the decline in % N with increase in plant mass, it is not altogether clear how they could lead to a quantitative model, because all the N pools are not equally affected by the redistribution process. Caloin and Yu (1984) have advanced a model based on two N pools; one concerned with the photosynthetic and the other concerned with other metabolic processes. If the % N in each of these pools remains constant throughout growth, but the relative sizes of the two pools change, then the %N in the plant would be linearly related to relative growth rate under approximately constant but optimal growing conditions. The growth of
AW_ K1W
At~= K\ + W
where W is in t ha" 1 , t is time and K2 and K\ are coefficients (Greenwood et al., 1977) . K\ is the value of W when AW/At is half the maximum and the relative growth rate is K2/(K\ + W).
According to this hypothesis (K\ + W)' 1 should be linearly related to % N in the plant. When A"l is set at 3 t ha" 1 , % N was, indeed, well defined by a linear relationship with {K\ + W)' 1 (Table 4) . This model with the regression coefficients varying with crop type, removed 90 % of the variance in % N (Table 4) . Although previous workers (Greenwood et al., 1987) have found good fits to growth data with K\ = 1 t ha" 1 rather than 3 t ha" 1 , K\ and K2 are highly correlated. It appears, therefore, that the changes of %N, under optimum growing conditions can be explained in terms of a model having two N pools, each with a constant %N, but the sizes of which change in a systematic way as the plant develops. The differences between the C3 and C4 species are attributed to differences in the proportions of the two pools.
CONCLUSION
It appears that the critical % N in plants of widely different species is dominated by plant mass per unit area, that there is a clear distinction between C3 and C4 species, and a smaller difference between various C3 species, which can be explained qualitatively in terms of existing models. Small differences between different C4 species are also likely but the data was insufficient to provide more than a suggestion (Fig. 5 ) of this possibility. The rate of N uptake per unit of intercepted radiation for both C4 and C3 crops is, however, similar for crops of the same weight per unit area and the The data set and symbols are as in Table 2 .
18-2 lower % N in the dry matter of C4 and C3 crops can be attributed solely to their more efficient photosynthetic pathway.
